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Using molecular dynamics simulations, we probe a suspended graphene layer by a diamond-like-
carbon tip at various temperatures. The force acting on the tip in the sliding direction is measured
to be negative at liquid-helium temperature. This negative force is found to be associated with
a spontaneous lateral oscillation of the suspended graphene in favor of a low interface potential
corrugation. Our hypothesis is that, at low temperature, this oscillation induces an important
hidden contribution to the friction force in the lateral direction. This functions as a peculiar energy
dissipation mechanism at nanoscale.
INTRODUCTIONS
Friction is a critical problem for nanodevices with mov-
ing components. This is due to a dramatic increase in
the surface-to-volume ratio when the component size lies
in the nanoscale, a domain in which macroscale lubrica-
tion methods have been deemed inadequate [1]. Recent
advances in the development of nanoelectromechanical
systems (NEMS) have spurred renewed efforts to search
for new lubricants that can work at the nanoscale [2–6].
Graphene, a monoatomic layer of carbon, is believed to
be a particularly good candidate for such an ideal lu-
bricant thanks to its chemical inertness [7, 8], extreme
mechanical strength [9, 10] and peculiar two-dimensional
(2D) structure [11]. In particular, a distinct frictional
property, superlubricity, a state of ultra-low friction, has
been reported for graphene in different tribosystems [12].
Intensive efforts have therefore been then made to under-
stand the lubricating behaviors of graphene on different
types of substrates.
For instance, Egberts et al. reported that the friction
force can be reduced by the presence of graphene by a
factor ranging from 1.5 to 7.0, by sliding a Si atomic-
force-microscopy (AFM) tip over a graphene-covered Cu
surface [13]. Klemenz et al. probed a graphene-covered
Pt surface with a diamond-coated tip and report that the
friction remains low until the rupture of graphene [14].
Li et al. showed that the time-dependent contact quality
is critical for the friction on rough surfaces [15]. A num-
ber of studies showed that the superlubricity of graphene
originates from the incommensurate configuration of the
contact, and is thus highly sensitivity to the change in the
graphene surface geometry, in particular to the rippling
[16, 17] induced by thermal fluctuation [18–22].
These works have proven that the thermally-induced
structural distortion to the out-of-plane direction at
medium or high temperature is large enough to dramat-
ically suppress the superlubricity. However, the tribo-
logical properties of graphene at low temperature remain
largely-unexplored. Kawai et al. demonstrated the su-
perlubricity of graphene nanoribbons on gold at liquid-
helium temperature [23]. The theoretical interpretation
of such a low-temperature phenomenon is worth explor-
ing. Here we study the friction properties of a suspended
graphene layer by probed a diamond-like-carbon (DLC)
tip at different temperatures. It is found that, beyond the
superlubricity, the force acting on the tip in the sliding
direction can even be negative at liquid-helium temper-
ature.
METHODS
A suspended graphene layer [21] constitutes an ideal
sample for studying the superlubricity, since the tribolog-
ical properties of graphene have been proven to be sensi-
tive to the presence of supports [13–15, 19]. In our molec-
ular dynamics (MD) simulations [24–28], a diamond-like
carbon (DLC) tip indents on the central axis of a layer
of pristine/rippled graphene that is suspended between
two parallel supports, and then slides along the x axis
as shown in Fig.1(a). The atomistic configuration of the
DLC tip with a spherical-bottom geometry (4nm in di-
ameter) is generated by melting a single-crystal nanodi-
amond at 5000 K followed by a rapid quenching process
with a cooling rate of 5 × 105 K/ns [29]. The tip slides
at a constant speed of 0.04 nm/ps, while being kept rigid
since the out-of-plane stiffness of the graphene is much
lower than that of the DLC [30]. The Nose´-Hoover ther-
mostat is used to equilibrium the system at four different
temperatures that are accessible by experiments (liquid-
helium ∼ 4.125 K, liquid-nitrogen ∼ 77 K, ∼ 300 K and
∼ 600 K). The corresponding morphologies of the sus-
pended graphene are shown in Figs.1(b-e).
The parallel molecular dynamics package LAMMPS is
used [31]. The interactions between the carbon atoms
are mimicked in the framework of the adaptive inter-
atomic reactive empirical bond order (AIREBO) poten-
tial [32]. The total interatomic potential involves many-
body terms as a collection of that of individual bonds.
The long-range interactions are included by adding a pa-
rameterized Lennard-Jones 12-6 potential term with a
cutoff radius of 1.0 nm. This potential has intensively
been used in the literature for many simulation works on
the mechanical properties of carbon nano-materials. It
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2FIG. 1: (a) Model setup for a diamond-like carbon (DLC)
tip sliding over an infinite graphene layer that is suspended
between two parallel hypothetical supports (trench width
20 nm). Color bar corresponds to the atomic potential en-
ergy. The tip slides along the graphene armchair direction
(x axis) in a supercell with a periodic length of 60 nm. (b-e)
Morphology of suspended graphene at different temperatures.
Color bar corresponds to the transverse (y) position of the
atoms in graphene.
involves a many-body bond-torsion term and therefore
enables a smooth transition from long-range interaction
to chemical bonding. It hence afforded a good descrip-
tion of the structural flexibility and bond formation and
breaking in graphene and carbon nanotubes in our pre-
vious works [10, 20, 33–36].
RESULTS AND DISCUSSIONS
Fig.2 shows the variation of the force acting on the tip
in the sliding direction Fx as a function of the sliding
distance at different temperatures. It is seen that the os-
cillation amplitude of Fx is large at the beginning of the
simulations and it then tends to stabilize, a behavior is
consistent with the experimental observation of Zhang et
al. [37], with magnitudes comparable to previous mea-
surements [21, 38–41]. We see that Fx decreases with
decreasing temperature, and strikingly, it becomes nega-
FIG. 2: Time-averaged force from the graphene sensed by
the tip along x vs sliding distance for a constant indentation
depth dind = 1.6 nm. Each line-style represents a case at a
given temperature.
tive at 4 K. This is different from the previously-reported
negative friction coefficient due to a negative normal load
[42–44], and cannot be explained by the state-of-art the-
ory of adhesive friction [45].
FIG. 3: F¯x/F¯y vs normal load F¯y at different temperatures.
The forces acting on the tip from the graphene are
time-averaged to measure the mean force F¯x and the nor-
mal load F¯y. Their ratio is plotted in Fig.3 in relation to
P . It is seen that F¯x/F¯y decreases and then increases at
3raising temperatures and tends to saturate beyond a high
load. As a particular feature, F¯x/F¯y at 4 K are found to
be negative for F¯y < 90 nN. Beyond this threshold,
F¯x/F¯y becomes positive and rapidly increases with the
raising load before saturating at a value about 1.6 · 10−5
for F¯y > 180 nN before the rupture occurs. The value of
F¯x/F¯y seems to be a reference to the kinetic coefficient of
friction, however, at low temperature this is proven not
to be the case since F¯x is negative and it cannot be the
true friction force.
FIG. 4: Instantaneous forces along the sliding (x) and lateral
(z) direction acting on the tip as a function of the sliding
distance at 4 K for an indentation depth dind = 1.6 nm. The
lower panel is a zoom-in view of the upper panel.
So, what could be the true friction force? Does a nega-
tive F¯x breaks the energy conservation law? Toward an-
swers to these questions, we plot in Fig.4 instantaneous
forces along the sliding (x) and the lateral (z) directions
acting on the tip as a function of the sliding distance at
4 K for an indentation depth dind = 1.6 nm. It is seen
that the variation of the lateral force Fz is at about the
same order of magnitude of that of Fx. Apparently, the
alternating Fz is the key to the negative Fx, since the
friction should be calculated in the direction of relative
displacement between the two contacting bodies. Fz is
associated with an oscillation of the suspended graphene
with respect to the DLC tip [Fig.5 (a)], which is induced
by the asymmetric DLC-graphene interaction potential
landscape as shown in Fig.5 (b).
FIG. 5: (a) Schematic for the lateral force induced perpendic-
ular to the sliding direction. (b) Distribution of the potential
energy for the DLC-graphene interaction. The arrows point
on an energetically-favorable sliding trajectory of the tip. The
potential profile is acquired by displacing the DLC tip atop
the graphene in discretized steps of 0.02 A˚[46].
It can be seen that the energy landscape is asymmet-
ric with respect to the highest-energy point due to the
amorphous structure of the DLC tip. This leads to a
non-conventional stick-slip behavior, as it is energetically
favorable for the tip to slide along a sinusoidal path in
the “valleys” of the potential profile for a minimum en-
ergy corrugation, as shown by the arrows in the Fig.5 (b).
Since the tip is rigid, the suspended graphene has to os-
cillate for following the sinusoidal path. i.e. the graphene
atoms are energetically obliged to displace in the direc-
tion normal to the sliding direction along not only y but
also z axis, in order to accommodate tip movements along
such a sinusoidal trajectory of the tip. This displacement
4breaks the geometrical symmetry of the graphene layer
with respect to its central axis (z = 0), and induce a net
lateral force Fz acting on the tip. Specifically, Fz is the
missing component to the friction force due to the lateral
displacement of the substrate.
HYPOTHESIS
The sliding of a DLC tip atop a suspended graphene
layer is simulated by MD at different temperatures. The
force acting on the tip in the sliding direction is found
to be negative at liquid-helium temperature. There are
several hypotheses made by colleagues who kindly helped
reading this paper, some of which are listed as follows:
1) The adoption of the Nose-Hoover (NH) is known to
produce artifacts in highly sheared conditions. 2) The
simulations were not long enough to reach the steady
state. 3) The sliding rate is too fast in the simulation.
One can always make excuses from the computational
method, which can never be perfect. But before test-
ing these hypotheses, let’s consider the energy loss mech-
anism. The work done by the force acting on the tip
“normally” writes,
W =
∫
t
Fxvxdt. (1)
This work is supposed to always be positive for being
pumped into the system and eventually becomes heat
that is adsorbed by the thermostat. Everyone is happy
when energy conservation works out. However, Eq.1 is
only valid when there is NO relative displacement be-
tween the tip and the substrate in other two directions y
and z. Here, W should write instead
W =
∫
t
Fxvxdt +
∫
t
Fzvzdt, (2)
supposing nothing happens in the normal direction. In
our case of the simulation at 4 K, the second term stands
for the energy consumed to make the graphene oscillate
back and forth in z. Its form should be similar to that of a
damped harmonic oscillator, despite one may think that
the second term must be zero since the time-averaged
vz must be zero. With the presence of the second term,
it is not imposed by energy conservation that the first
term must be positive. Hence, negative force in the tip
moving direction would not necessarily break the second
law of thermodynamics. From a force point of view, the
force acting on the tip in the sliding direction is not the
true friction force in case that there is a relative lateral
displacement between the contacting bodies. Thus, the
force measured in the tip-sliding direction misses a hid-
den lateral component to be the real friction.
What make the lateral energy dissipation so difficult to
understand are the facts that the friction is usually mea-
sured in the direction of relative displacement, and that
the tip here has indeed no displacement in z direction
with respect to the trenches on which the two graphene
edges are fixed. One may think that the tip here goes
straight with a constant speed, but it in fact goes zigzag
with acceleration deceleration if we take the graphene
as the reference. This effect appears to be suppressed
at high temperature. This temperature effect may be
caused by the fact that the distribution of the potential
energy on a surface will become “fuzzy” when the tem-
perature rises. As a consequence, the tip may not need
to follow the energy optimized paths shown in Fig.5 (b).
Thus it can go straighter at high temperature.
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